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Background: Several recent studies have reported significant health effects of air pollution even at low
levels of air pollutants, but in most of these studies linear non-threshold relations were assumed.
Aims: To investigate the NO2 mortality dose-response association in nine cities participating in the
APHEA-2 project using two different methods: the meta-smooth and the cubic spline method.
Methods: The meta-smooth method developed by Schwartz and Zanobetti is based on combining
individual city non-parametric smooth curves; the cubic spline method developed within the APHEA-2
project combines individual city estimates of cubic spline shaped dose-response relations. The meta-
smooth method is easier and faster to implement, but the cubic spline method is more flexible for further
investigation of possible heterogeneity in the dose-response curves among cities.
Results: In the range of the pollutant common to all cities the two methods gave similar and comparable
curves. Using the cubic spline method it was found that smoking prevalence acts as an effect modifier with
larger NO2 effects on mortality at lower smoking prevalence.
Conclusions: The NO2–mortality association in the cities included in the present analysis, could be
adequately estimated using the linear model. However, investigation of the city specific dose-response
curves should precede the application of linear models.

A
dverse short term effects of specific air pollutants on
health outcomes have been documented in several
epidemiological studies in recent years.1–5 The pollu-

tants implicated were mainly ambient particles4 6 7 but
gaseous pollutants such as NO2, O3, and CO have been
shown to have adverse effects on mortality and morbidity.3 8

The results from epidemiological studies have led to revisions
of air quality guidelines and standards and scheduled dates
for regular revisions in the future.9–11 These, in turn, increase
the interest in better understanding the specific air pollutant-
health outcome associations and reducing uncertainties. One
issue that requires further investigation is the dose-response
relation, especially for gaseous pollutants, which have
received less attention so far. Dose-response functions are
being used extensively for health impact assessment.12 13

Whether or not there is a threshold makes a large difference
to the estimate of attributable deaths, and the linearity or
otherwise of the dose-response association is important for
predicting the benefits of regulation. Combined estimates are
often used in health impact assessment, rather than indi-
vidual city estimates, and thus it is important to investigate
methods of combining dose-response functions across cities.

Most of the published studies on short term effects of air
pollutants analyse daily time-series data and have been based
on the assumption that the underlying associations are
linear. A variety of analytical methods have been applied to
analyse single city data, while most of the recent reports have
used generalised additive Poisson regression models.

Recently, multicity national or international programmes
have provided results based on data from several cities.
Combined evidence was obtained using hierarchical models
implemented in two stages by either classical or Bayesian
statistical procedures.4 5 In either case, in the first stage data
from each city were analysed separately, whereas in the
second stage the city specific air pollution effects estimates
were regressed on city specific covariates to obtain an overall

estimate and to explore the variation in the estimates across
cities.

Two methods have been developed and proposed for the
estimation and the combination of dose-response curves. The
first, developed by Schwartz and Zanobetti14 combines
individual city specific non-parametric smooth curves
(meta-smooth method); the second combines individual city
estimates of natural cubic spline shaped dose-response
relations (natural cubic spline method).15 The latter method
used Bayesian procedures for the estimation. Both methods
have been applied to estimate the PM10-daily number of
deaths relation in the US cities. In the present paper we
applied the meta-smooth method developed by Schwartz and
Zanobetti,14 and a modification of the natural cubic spline
method to investigate the dose-response relation between
NO2 and the daily number of deaths. Results from both
methods were compared between them and with the results
obtained from a linear non-threshold model. The natural
cubic spline method developed by Daniels and colleagues15

allows the data to determine the boundary knots, that are set
to the minimum and maximum air pollution levels for each
city. In the modified cubic spline method developed within
the APHEA-2 project, unrestricted cubic spleens splines
(cubic spline method), rather than natural cubic spleens
splines, were used to fit individual city dose-response curves.
In this way, the number and the location of the knots are pre-
specified and the same for each city.

Very little work on the dose-response of the NO2 effects on
mortality has been produced so far. NO2 is a major pollutant
with accumulated evidence on its health effects16 17 and a
good marker for traffic generated pollution. Because of its
latter characteristic, it has also received attention as a
potential effect modifier of the associations between other
pollutants and health.5 It is, therefore, important to obtain an
understanding of the dose-response shape of its association
with daily deaths.
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METHODS
Data
The APHEA-2 project is a multicentre study including 30
cities across Europe and associated regions (Istanbul and Tel
Aviv) which studies health effects of air pollution. Data were
collected on daily counts of all-cause mortality, excluding
deaths from external causes (International Classification of
Disease, ICD-9 .800). The data covered at least three
consecutive years for each city within the years 1990–97.
Details about the data have been published elsewhere.5

Daily air pollution measurements were provided by the
monitoring networks established in each town participating
in the APHEA-2 project. A monitor was included if certain
completeness criteria were fulfilled.18

Time series data on daily temperature ( C̊, daily mean) and
relative humidity (%) were used to control for the potential
confounding effects of weather. External information on
influenza epidemics or other unusual events (heatwaves,
strikes, etc) were also collected, if available.5

In the present study we have analysed the average of lags 0
and 1 for NO2 (maximum 1 hour value) for all cities, since
there is evidence that the average of two days’ pollution
correlates better with mortality than a single day’s expo-
sure.19

Nine cities were selected on the basis of extensive pollutant
ranges: Athens, Budapest, Madrid, Marseilles, Milan, Rome,
Tel Aviv, Torino, and Valencia. Combining cities with wide
and extensively overlapping NO2 ranges was judged neces-
sary for the application of both methods. Specifically, the
selected cities had NO2 levels with medians above 110 mg/m3

and the third quartiles above 130 mg/m3.
The analysis was restricted to days with NO2 levels below

300 mg/m3, since these few extreme values could influence
disproportionally the results from both methods. Restricting
analyses to days with less than 300 mg/m3 resulted in
excluding less than 2% of the available days in each city,
except for Tel Aviv, for which 6% of the days were excluded.

Methods
The pollution-mortality associations for each city were
investigated using generalised additive Poisson regression
models20 allowing also for overdispersion. This approach
allows inclusion of non-parametric smooth functions to
model the potential non-linear dependence of daily deaths
on weather and season. Assuming linear NO2-daily mortality
association, the city specific model is of the form:

where Yc is the daily count of deaths at city c, E(Yc) is the
expected value of that count, bc the NO2 estimated log-
relative rate at city c, the non-pollutant covariates and
smooth functions of these covariates. We chose loess,21 a

moving regression smoother, to estimate the functions Si.
This has become a standard method in time series studies of
mortality and morbidity.22

Following the APHEA-2 methodology, published in detail
elsewhere,22a the first step in the city specific analyses is to
adequately control for seasonal variation and long term
trends. The principal issue in the use of non-parametric
smoothers is the choice of the fraction of the data (smoothing
parameter) that will be included in the running smooth. On
this, we have distinguished between weather variables,
which we believe are causally connected to deaths, and
seasonal control. For temperature and relative humidity we
chose the span that minimises Akaike’s Information
Criterion (AIC).23 Time is used as a proxy for any outcome
predictors not included in the model, which have long term
trends or seasonal patterns. Hence we remove long term
trends and seasonal patterns from the data—with a smooth
function of time—to guard against this confounding by
omitted variables. It has been decided to choose the span that
minimises partial autocorrelation in the residuals, but not to
use a span of less than two months. This minimises the
necessity for fitting autoregressive terms. Second, if serial
correlation exists in the residuals, this may indicate that
effects of an omitted time dependent covariate are still
present in the data. Therefore, minimising this correlation
seems a natural goal. To allow for city specific differences, the
smoothing parameters for the covariates were optimised
separately in each location. Day of the week effects, holidays,
and epidemics were controlled for by using dummy variables.
Robust regression24 was used to reduce the effect of any
extreme observations on the regression results. We then
entered the pollutant variable in two ways according to the
requirements of each method.

Recently, Dominici and colleagues25 identified that the
application of GAM models in the SPLUS software with the
default convergence criteria leads to biased parameters’
estimates, while Ramsay and colleagues26 found in addition
that this function underestimated the parameters’ variances.
In response to these findings, we have reanalysed our data

Main messages

N The NO2 total mortality association can be adequately
estimated by the linear model, at concentration levels
most commonly observed in Europe.

N Two methods for estimating and combining dose-
response were evaluated. While the non-parametric
‘‘meta-smooth’’ method is simpler to apply, the
parametric ‘‘cubic splines’’ method allows for further
investigation of heterogeneity between individual
location dose-response curves.

N The two methods give comparable results under some
restrictions.

Policy implications

N The health effects of air pollution have been documen-
ted in many studies and the results are used for
regulatory decisions concerning air management. In
assessing health risk, it is critical to have reliable
information on dose-response relations.

N Dose-response curves assessing the association
between NO2 concentrations and total mortality were
shown to be meaningfully combined to produce one
curve based on multiple location data by using two
methods: the non-parametric ‘‘meta-smooth’’ method
and the parametric ‘‘cubic spline’’ method. The
two methods give comparable results under certain
conditions.

N Both methods indicate that there are adverse short term
effects of NO2 on mortality, at least in the range
between 100 mg/m3 and 200 mg/m3.

N The linear dose-response curve may be used to
estimate the NO2 effects on mortality at concentration
levels commonly observed in Europe, but it is advised
to investigate city specific curves before combining.
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using, as suggested, more stringent convergence criteria (that
is, we set the maximum number of iterations to 1000 and the
difference of two successive coefficients to 10214). In
principle, this approach will eliminate the bias in the
parameters’ estimates. In order to deal with the under-
estimation of the parameters’ variances we also applied the
bootstrap method,27 28 which produces robust standard errors.

In the meta-smooth approach, developed by Schwartz and
Zanobetti,14 a smooth function of NO2 with span equal to 0.5
is entered in the individual city model. More details on this
have been published elsewhere.14 In our data the span of 0.5
corresponded to a window of 546–1248 days, depending on
the availability of the data from each city. According to the
published methodology14 and via the bootstrap method we
computed the predicted values of the log relative risk of the
daily number of deaths in each city for 5 mg/m3 increments
between 16 mg/m3 and 300 mg/m3, along with their standard
errors. The lower limit is the minimum value of the NO2

across cities. These predicted values at each increment were
then combined across cities using inverse variance weighting.

In the cubic spline method unrestricted cubic splines were
used to estimate the exposure-response relation for each city.
The knots were pre-specified and were the same for each city.
This had the advantage that similar terms were pooled in the
second stage of the analysis. The number and location of the
knots were determined according to exploratory graphical
analysis results, based on the previously described individual
city models using loess. Three distinct patterns were evident
across cities. Figure 1 shows the pollutant-mortality dose-
response relation in the nine cities of the analysis, and

presents the three distinct patterns (linear and two para-
bolas) of the dose-response curves. We decided to use a cubic
spline with two knots at 100 and 140 mg/m3 to sufficiently
capture the NO2-mortality association in our data. The
(unrestricted) cubic spline function of a variable x is:

where k is the number of knots, i.e. in our case k = 2 and
t1 = 100, t2 = 140, and using the ‘‘+’’ notation of Smith:29

u+ = u if u . 0 (3)
u+ = 0 if u ( 0

Hence our cubic spline dose-response model assumed that:

log (E(Y)) = S(NO2, knots(100,140)) + confounders (4)

where S(NO2, knots(100,140)) represents the parameter-
isation of the spline function. Linear (2) and spline (4)
models were fitted in Splus. For the latter the bs function was
used.

In the second stage we regressed the city specific estimates
produced from the first stage of the analysis (bc) on city
specific covariates (Xc) to obtain the overall dose-response
curve and to explore potential heterogeneity in the city
specific curves. For the linear model bc is the log-relative rate
in city c, whereas for the spline model, bc is the vector of the
regression coefficients corresponding to the spline function
(equation 4).

Figure 1 Dose-response curves of NO2 and total mortality in nine European cities. The x-axes are NO2-1h levels in mg/m3. The vertical scale can be
interpreted as the relative rate of mortality as a function of NO2.
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For the spline method, we fitted multivariate second stage
regression models based on the method described by Berkey
and colleagues.30 More specifically, the models are of the
form:

bc = Xca = dc + ec (5)

where bc is the (561) vector of the five spline estimates in
each city c (the intercept term in equation (4) was ignored
since only relative risks are considered); Xc is a 565p matrix,
where p is the number of city level covariates for city c
(including the intercept). The rows of Xc are divided into five
blocks of p elements such that in the row corresponding to
the i-th spline parameter the i-th block contains the p city
specific covariate values whereas all other entries are 0; a is
the vector of regression coefficients to be estimated—it may
include a separate intercept for each spline parameter and a
separate slope for each spline parameter against each
corresponding covariate; dc is a vector of five random effects
associated with city c representing, for each spline estimate,
the city’s deviation from the overall model and ec (assumed
independent from dc) is the vector of sampling errors within
each city.

The 565 matrix cov(dc) = D represents the between cities
covariances of the regression coefficients of the spline
function that is unexplained by the regression.

It is assumed that:

dc , MVN (0, D) (6)
ec , MVN (0, Sc)
bc , MVN (Xca, D+Sc)

where Sc is the variance-covariance matrix, of the five
regression coefficients of the spline function, in city c that is
estimated in the first stage of the analysis, after applying the
bootstrap method. When D < 0 we get the corresponding
fixed effects estimates while when D ? 0 we get the random
effects estimates.

The iterative generalised least squares method was applied
to estimate model parameters. That is:

where Vc = Sc for the fixed effects estimates and Vc = Sc +
D for the random effects estimates. The parameters of the
between cities covariance matrix D are estimated by
maximum likelihood.31

For the linear effects, model (5) collapses to a univariate
one that expresses the usual meta-regression. In this case
D denotes the between cities variance in the effects
estimates and can be estimated from the data using the
maximum likelihood method described by Berkey and
colleagues.31

After obtaining an overall curve that draws information
from all cities, we also compared the three types of models—
the linear, the cubic spline, and the meta-smooth, within
each city and over all cities to determine which best fits the
data. We used the Akaike information criterion (AIC)23 to
compare these two methods to the linear dose-response
model without threshold representing the standard approach
in time series analyses estimating effects of air pollution on
mortality or morbidity. For an overall comparison of the three
different models, we computed the sum of the city specific
AIC values.

RESULTS
Figure 2 shows the estimated combined overall dose-
response curves between NO2 and total mortality, and their
95% confidence intervals (CIs), that we get from the second
stage models based on the cubic spline method and the meta-
smooth method in our nine study locations. The meta-
smooth method gives a more linear shape than the cubic
spline method, which reflects the S shape observed in some
cities. Note that not all cities have values for the pollutant at
both ends of the distribution, which is obvious from the wide
CIs in the end points of the data. For example the 10th centile
of NO2 in Rome (111.6 mg/m3) is almost the median value in
Valencia (114.6 mg/m3). The cubic spline method suggests a
slight S shaped pattern with the effect of NO2 fading above
the levels of 150 mg/m3, whereas the meta-smooth suggests a
more linear association up to 200 mg/m3. If we restrict the
dose-response curves to the range from about 74 to 237 mg/
m3 where the majority of the data are, we can see that both
methods give similar shapes that can be roughly approxi-
mated by a linear association. Outside that range, the
summary estimates start to involve extrapolated values. The
curves of the cubic spline and the meta-smooth method
indicate that an increase in NO2 from 100 mg/m3 to 150 mg/
m3 is associated with a 2.6% and 1.8% increase in daily
deaths, respectively. This is consistent with the results from
regressions assuming a linear relation and giving an
estimated increase in deaths of about 2% for a 50 mg/m3

increment in NO2. There appears to be little increase in risk
until the NO2 concentration exceeds about 80 mg/m3.

Figure 2 Average dose-response curves across nine cities and their
95% CIs provided by the cubic spline method (top) and the meta-smooth
method (bottom). The vertical lines in both plots mark the common range
of NO2 values in all analysed cities.
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We more formally examined the hypothesis of linearity in
the NO2-mortality relation by comparing the AIC values
obtained under the linear, cubic spline, and meta-smooth
models. All methods gave very similar fits, while the meta-
smooth method gave a slightly better overall fit (0.1%
difference compared to the linear method). This small
difference in favour of the meta-smooth method is mainly
due to Athens and Marseilles, in which cities the dose-
response curves are best captured by the meta-smooth model.
In most of the other cities the linear models had a better fit.

To illustrate the use of the cubic spline method to explore
sources of heterogeneity, we fit a second stage hierarchical
model as described in the methods section. The effect
modifier included here is the smoking prevalence in each
city, since an exploratory analysis including linear terms for
NO2 indicated smoking prevalence as a statistically signifi-
cant effect modifier, which reduced heterogeneity in the
effect estimates by 23%. Potential effect modifiers used in the
APHEA-2 analysis included variables describing the air
pollution level and mix in each city, the health status of
the population, the geographical area, and the climatic
conditions.5 The smoking prevalence in these nine cities
ranged from 28.0% in Tel Aviv to 55.0% in Budapest. Figure 3
shows the resulting dose-response curves (and 95% CIs) for
NO2 for the 25th and the 75th centile of the distribution of
smoking prevalence. Figure 3 shows that when the smoking
prevalence is lower, the effect of the pollutant on mortality is
greater. The curve corresponding to the 25th centile is steeper
(that is, there is a stronger effect of the pollutant on
mortality) up to about 200 mg/m3. The overall x2 test for
heterogeneity was reduced by 50% with the inclusion of the
smoking prevalence.

DISCUSSION
Recently there has been growing interest in the methodology
used to investigate the dose-response relation between air
pollution and daily mortality. In this paper we have applied
two methods for obtaining and combining dose-response
curves—one method based on cubic spline models and one
based on curves produced from non-parametric smooth
models—and compared them to models based on the
assumption of linearity.

When implementing the two methods it became obvious
that the meta-smooth method is easier and faster to
implement. On the other hand there are certain aspects of
the method that need further investigation. As mentioned in
the methods section we computed the predicted values of the
log relative risk of daily death in each city for 5 mg/m3

increments of NO2. These predicted values at each increment

were then combined across cities using inverse variance
weighting. Hence in order to get the fixed effect estimate we
use the available number of cities in each increment, but not
all cities will have values in all intervals. Different numbers of
city specific estimates are therefore added in each interval;
that is not reflected in the variance estimates. The potential
effect of not allowing for the different number of points
contributing to the overall estimate in each increment has
not been evaluated so far. Besides, this implies consistency of
the curves between cities without observations in the high
range and cities with available data in that range. Another
weak point of the meta-smooth method is that it treats the
predictions from the models as independent observations and
does not take into account their covariances in the estimation
of the pooled effect. This could lead to biased standard errors
although the magnitude of the induced bias is not known.
Finally, instead of using a span of 0.5 in each city it might be
better to predefine a window of a fixed number of days and
use, so that the dose-response curve would catch the
exposure response relation in each city with the same
accuracy. Another more adaptive approach towards model-
ling city specific curves would be to use the AIC criterion to
determine the optimal window size, but again this method
would not result in the same accuracy over cities.

Daniels and colleagues15 investigated the dose-response
relation between particulate matter and daily mortality by
considering linear, cubic spline, and threshold models; the
investigators used natural cubic splines. The comparison
between the natural cubic splines (used by Daniels et al) and
the unrestricted cubic splines (used in our methodology) is of
particular interest and a subject for further investigation. The
main difference between the two methods is that the natural
cubic splines allow the data to determine the boundary knots
that are set by default to the minimum and maximum air
pollution level value for each city, which may vary between
cities. In case the pollutant level across cities varies (as is
most likely), the interpretation of the pooled results from the
natural cubic splines method is unclear, since different
regression coefficients are pooled together. Instead, in the
unrestricted cubic splines method, where all the knots are
pre-specified and the same across cities, similar regression
coefficients are pooled in the second stage of the analysis,
simplifying the interpretation of the results.

In a more recent paper, Dominici and colleagues32

presented an improvement in the natural cubic spline
method where the parameters of the spline dose-response
curves and the number and location of the knots (assumed to
be the same in each city) were estimated jointly.

Combining the individual city dose-response curves is an
important issue for multi-city projects.4 5 Since heterogeneity
has been observed in effect estimates based on linear models
and specific effect modifiers have been identified, it is
important to investigate whether differences in the shape of
the dose-response curves are also due to specific city
characteristics which act as effect modifiers. A method to
study this issue has been developed in the present study. It
has been shown that the cubic spline method is flexible for
running second stage hierarchical models, and helps to
investigate factors influencing the form of the dose-response
relation, and thus might provide some explanations for the
different shapes observed (for example, whether these are
associated with geographical or socioeconomic differences
across cities). In this study the role of smoking prevalence in
changing the dose-response shape has been explored and a
significant reduction in heterogeneity resulted. It was found
that when smoking prevalence is lower, the effect of NO2 on
mortality is larger. A likely explanation may be that smoking
acts as a competing risk, harvesting the population of sus-
ceptible individuals, but this issue needs further investigation.

Figure 3 Dose-response curves and their 95% CI of NO2 and total
mortality in the 25th (dotted line) and in the 75th (solid line) centile of the
smoking prevalence distribution.
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A potential drawback in the second stage analysis
presented in this paper is that the 565 between cities
covariance matrix D is estimated only from the nine cities
selected. This may result in unstable estimates, but this can
be partly overcome by analysing a greater number of cities.

In conclusion, we have investigated the dose-response
association between NO2 exposure and the daily number of
deaths using two flexible methods and compared them to the
model based on the linear dose-response assumption. We
used nine cities with overlapping NO2 concentration ranges.
The meta-smooth method is the easiest to apply and is useful
for initial investigation of the dose-response shape. The spline
method has the advantage of allowing the investigation of
effect modification on the dose-response shape, which is very
useful given the heterogeneity observed in between city
curves. The NO2–mortality association in the cities included
in the present analysis could be adequately estimated using
the linear model. However, it became evident that the linear
model should not be applied without investigating the city
specific dose-response curves first.
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